Increased alveolar surface tension due to surfactant deficiency is thought to result in a negative pressure 
Introduction
Insufficient surfactant predisposes preterm infants to the development of hyaline membrane disease (1, 2) , which is invariably accompanied by pulmonary edema (3). An increased extravascular lung water content in immature infants with surfactant deficiency (3) as well as in immature primates (4) and lambs (5) supports the experimental evidence that increased surface tension within the lungs promotes pulmonary edema (6, 7) . Lung fluid balance is described by the Starling equation in which penrcapillary interstitial liquid pressure is one ofthe principal forces governing fluid filtration. Pericapillary interstitial liquid pressure is thought to be in equilibrium with the liquid pressure in the subphase of the alveolar liquid lining (8, 9) . According to the Young-Laplace equation, the liquid pressure in the alveolar subphase is affected by the surface tension of the alveolar liquid lining and the radius of curvature ofthe alveolar air liquid interface. If alveolar surface tension is very low, the pressure in the alveolar liquid lining is close to that of alveolar Receivedfor publication 12 March 1986 and in revisedform 27 January 1987. gas pressure. Increased alveolar surface tension would result in a significant pressure drop across the alveolar air liquid interface leading to a negative pressure surrounding the alveolar wall capillary. This would increase the hydrostatic pressure gradient for fluid filtration. Pattle (10) and Clements (8) first suggested that one ofthe important functions ofsurfactant in the alveolar lining layer is to keep the surface tension of the curved alveolar wall low and thus reduce the forces that would tend to pull liquid out ofthe capillaries into the interstitium and the alveolar lumen. To date, the experimental evidence for a more negative pericapillary interstitial liquid pressure due to surfactant deficiency has been either indirect (6, 11, 12) or has been obtained in adult lungs that were subjected to manipulations such as cooling or rinsing with detergents to cause an increased static recoil, without quantification of the amount of surfactant in the lungs (6, 7) .
To obtain direct evidence of a more negative pericapillary interstitial liquid pressure in immature lungs with surfactant deficiency, alveolar liquid pressure was measured by micropuncture in excised air inflated lungs of mature and immature fetal rabbits at different air inflation pressures. The measured pressure drop across the alveolar air-liquid interface correlated with the pressure volume behavior of the lung, and the amount of surfactant recovered from the lung; mean alveolar size being constant in all lungs.
Methods
General. 90 fetuses from 38 time dated (within 12 h) pregnant New Zealand White rabbits were studied on either 27, 28, or 31 d ofgestation (day ofconception, day 0). Normal gestation for this species is 31 d. The does were given a lethal dose of sodium pentobarbital, the pregnant uterus removed and placed on ice. When the fetuses were dead they were delivered, weighed, and the trachea exposed for insertion ofa catheter (dead space 0.1 ml). When the trachea was incised, pulmonary fluid flowed out. The lungs, with the left chest wall, were dissected free from the rest of the body, and placed in a small Plexiglas container 4 27 d gestation were used to confirm the continuity ofalveolar and airway gas, at the different airway pressures. After initial lung compliance measurements, the lungs were inflated and deflated in a stepwise manner from 5 to 25 cmH2O airway pressure, using an underwater T tube and an overflow gas system, attached to a manometer. At each airway pressure, alveolar gas pressure was directly measured by puncturing surface air-filled alveoli with a 26-gauge needle, mounted on a micromanipulator and attached to a second manometer.
Lung compliance. P-V curves were obtained in all lungs, using a modification ofthe method described by Enhorning et al. (13) . An initial P-V curve was obtained by successively raising pressures from 0 to 35 cmH2O, in 5-cmH2O increments and then lowering the pressure to 0 cmH2O in a similar manner. At each level, pressure was maintained for 15 s at the end of which the volume of air entering the lungs was noted. Correction was made for the volume of compression at each inflation pressure (13) with air in the alveolus and the electrical circuit was interrupted. The pipette was then gradually withdrawn until the tip was in contact with the alveolar liquid phase and a pressure recording was obtained. In accordance with the principles ofthe Servonull pressure measuring system, a pressure recording is obtained only when the pipette tip lies freely in liquid. All alveolar liquid pressure measurements had to fulfill the following criteria: (a) a stable pressure recording for at least 1 min; (b) no changes in pressure associated with slight adjustment of the gain in the Servonull system (an indication that the pipette was in a free liquid pool); (c) pressure transients obtained on entering and exiting the pleura; (d) reproducible zero reference immediately before and immediately after the alveolar liquid pressure measurement.
In each lung, dye was injected into the alveolus at least once, to ascertain the intraalveolar position of the pipette tip. 45-60 min were required to complete all Pliquid measurements in one lung.
Analysis of alveolar wash. Alveolar surfactant was recovered from each lung by five saline lavages of 1 ml each. Each time the saline was reinfused for a total of three times and withdrawn. Recovery of saline was 80-90%. The lavage fluid of each lung was stored at -20'C for later analysis. Total lipids from alveolar wash ofeach lung was extracted with a mixture of chloroform and methanol (18) and expressed as milligrams per gram wet lung. Next, lipids from mature and immature lungs were pooled separately to determine the composition ofphospholipids by two dimensional silica gel thin-layer chromatography (19) . After separation of phospholipids, the phosphatidylcholine spot was used for phosphate analysis according to Bartlett (20) . Saturated phosphatidylcholine was measured according to .
Airspace dimensions and alveolar surface area. After lung compliance measurements the lungs were rapidly frozen in liquid nitrogen at an airway pressure of 25 cmH2O, fixed and dehydrated at -70'C by freeze substitution (22) and 4-,Am thick sections cut and stained with hematoxylin and eosin.
To estimate mean alveolar size and total alveolar surface area, we used a modification ofthe method described by Weibel (23) . A microscope eye piece reticule with grid was used. The 1 I horizontal lines of the grid were calibrated with a stage micrometer. The grid was optically superimposed on the histologic sections and the number of intersections of the horizontal lines with alveolar walls was counted. This was done 10 times on each of five sections from each lung. The mean linear intercept (Lm) was calculated according to the equation
where N is the total number of lines counted, L the length of each line. N.L. for each section was 110 mm. An independent observer, blinded to the lung sections, repeated the morphometric measurements, and obtained similar results. Total alveolar surface area SAT was calculated from the equation SAT =4 V/Lm, where Vis the total volume ofthe respiratory portion of the lung, which we estimated to be 90% of total lung volume VL at 25 cmH2O airway pressure.
Surfactant replacement studies. Six pairs of fetuses from six litters were studied at 27 d gestation. One fetus served as control and its littermate received surfactant replacement. Natural rabbit surfactant was isolated from alveolar wash of adult rabbits by a series of simple centrifugation steps (24) and the quantity of surfactant lipid was estimated by weighing with a Cahn electrobalance (Cahn Instruments Div., Ventron Corp., Cerritos, CA) the dried chloroform and methanol extract of an aliquot of the surfactant suspension (25) . The fetuses received 0.75 mg surfactant lipid in 0.1 ml saline and control fetuses received 0.1 ml saline. The final air P-V curve of the lungs demonstrated large differences among groups (Fig. 2 A) . Statistical (Fig. 2 B) .
Alveolar wash lipid content. Lipid weight recovered by alveolar wash per gram wet lung was significantly greater (P < 0.01) in the 31 d mature lungs than in all other lungs, which did not differ significantly among each other (Table III) Lung volume expressed as percentage of total lung capacity (TLC).
Volume of air at 25 cmH20 is 100% TLC for each group. Volume of air (% TLC) retained in lungs at deflation 10, 5, and 0 cmH2O airway pressure was significantly greater in mature than in immature lungs. Fig. 5 shows representative sections of lungs of all gestational ages. The mean linear intercept, which is a measure of airspace dimensions in the lung, was similar in all lungs (Table IV) .
Surfactant replacement studies. 27 d surfactant-treated lungs displayed air P-V curves similar to mature lungs and very different from control saline-treated rabbits at 27 d (Fig. 6) i.e., the pressure drop across the air liquid interface is related to the radius of curvature of the air liquid interface (R) and the surface tension at that interface (T). The number and size of alveoli increases only after birth in most species including the rabbit (30, 31) , however, to be certain that the differences in Pliqud measurements were not due to differences in the radius ofcurvature ofthe air liquid interface, we determined the mean linear intercept (Lm) of the airspaces at a transpulmonary pressure of 25 cmH2O, in mature and immature lungs. (16) . Though others have reported a higher lung water content in liquid-filled lungs ofpreterm as compared with term rabbits (33) , in our experiments the water content of the air inflated mature and immature lungs were comparable ( Table I) .
As alveolar surface tension is thought to vary with alveolar surface area and therefore lung volume (34), we plotted alveolar liquid pressure (P.jquid) versus lung volume expressed as % TLC during deflation for the four groups of lungs (Fig. 9) . At comparable lung volumes expressed as % TLC, Pa d was significantly lower in immature lungs than in mature lungs. This means that the pressure drop across the air liquid interface, was greater in immature lungs than in mature lungs, suggesting that alveolar surface tension was greater in the immature lungs.
A relative surfactant deficiency (Table II) may have resulted in an increased alveolar surface tension in immature lungs. The lipids recovered by alveolar wash include the complex phospholipids that comprise surfactant. The composition of phospholipids did not permit us to differentiate between immature and mature lungs; however, the absolute amount oflung lavage phosphatidylcholine increased almost 30-fold from 27 d to 31 d gestation. The percentage of saturated phosphatidylcholine showed a tendency to increase whereas other phospholipids such as sphingomyelin and phosphatidylethanolamine decreased with gestational age. All lungs that had mature P-V curves had > 0. Airway Pressure (cm H20) 20 25 Airway Pressure (cm H20) Figure 6 . Final air pressure volume curves of lungs of 27 negative cube root function ofairspace volume [35] .) Thus, with increasing airway pressure, the pressure drop across the airliquid interface ought to change little. However, as seen in Fig. 10 , it was found that the pressure drop increased linearly with increases in airway pressure in immature lungs. On the other hand, in mature lungs, the pressure drop increased nonlinearly and was greater during inflation than during deflation, consistent with the behavior of a surfactant containing surface film. In the immature lungs, the data would imply that all increases in transpulmonary pressure are borne by the air/liquid interface. By the (8, 9) then the data indicate that the magnitude of pericapillary interstitial liquid pressure is primarily influenced by lung volume.
In the immature lungs, the lower pericapillary interstitial liquid pressure will result in an increased hydrostatic pressure gradient across the alveolar wall capillary for fluid filtration. Filtered fluid from the capillary will first collect in the interstitium and once the interstitial compartment is full, alveolar flooding will occur (36) . In the first few hours of life, as the newborn clears liquid from the airspaces ofthe lungs, the interstitial compartment is already filled with liquid (37) , so that any increase in transvascular filtration of fluid will result in the early onset of alveolar flooding. Though this describes one mechanism for the higher lung water content that has been observed in immature infants with surfactant deficiency (1), these infants eventually develop pulmonary edema that is characterized by hyaline membranes composed of a mixture of fibrin and other protein from the plasma (38) , suggesting an increased permeability of the alveolar capillary barrier. Inactivation of surfactant by the alveolar edema fluid due to the presence ofa surfactant inhibitor protein (39) with further atelectasis and hypoxia; stretching and damage of alveolar bronchiolar epithelium by artificial ventilation (40) , or by the influx of polymorphonuclear leukocytes with oxidative injury of the alveolar capillary endothelium and epithelium (41) may all contribute to increased permeability pulmonary edema.
